The impact of Venture Capital (VC) on innovation has been a popular topic in the finance literature for the past two decades. Although most of the empirical work at the industry level finds that VC increases innovative activity (e.g., Kortum and Lerner (2000) , Mollica and Zingales (2007) , Hirukawa and Ueda (2008) and Popov and Roosenboom (2009) ), evidence at the company level suggests that this impact is weak at best (e.g., Engel and Keilbach (2007) , Caselli et al. (2009) , and Stuck and Weingarten (2005) ).
Theoretically, even if VC spurs innovation at the industry level it is not clear that VCs necessarily encourage the innovative activity of the companies they invest in. While VC can positively affect the rate of industrial innovation by facilitating the diffusion of technical knowledge, or increasing access to financial resources, once companies are VC financed incentives to innovate may be curtailed. For example, the competition for future funding inside VC portfolios can push companies to exert more effort on the development part of research and development (R&D), relative to research. In light of these complex trade-offs, the studies that use data at the company and at the industry level do not necessarily offer contradictory evidence. More systematic evidence is required to have a better understanding of how VC interacts with innovation.
This dissertation provides new evidence on the interaction between VC and innovative activity and departs from the existing literature on two accounts. First, the data used is at the company-level and corresponds to U.S.-based startups. In contrast, existing research using data at the company level is based on European-based companies. This is an important departure as the landscape for financing innovation has been shown to be fundamentally different across these two regions. While the role of VC in the U.S. is mainly to target high-risk, high-payoff innovations, in Europe this role seems to be partially filled by business-groups (Belenzon et al. (2013) ). Thus, it is likely that the types of companies that are VC financed in each region are different, and that the effect of VC on companies' innovation differs. In addition, existing work on the impact of VC at the company level is for the most part restricted to startups that ultimately went public (e.g., Stuck and Weingarten (2005) and Caselli et al. (2009)) . Since approximately only a third of the companies that are VCbacked go public, and going public has its own effect on innovation (e.g., Bernstein (2012) ), this dissertation offers a more comprehensive analysis of how VC interacts with innovation.
The second departure from the existing literature regards the topics covered in this study. While existing work has focused on the effect of VC on the rate of innovative activity, the three chapters in this dissertation explore other potential effects of VC, and offer a broader understanding of the interaction between VC and innovation.
Chapter 1: Venture Capital and Innovative Activity (with Bruce Kogut and
Morten Sorensen)
The first chapter studies the effect of VC on the composition of innovative activity of companies.
Following a growing literature that uses patent-based metrics to characterize innovation at the company level (e.g., Seru (2012) Lerner et al. (2011 ), Bernstein (2012 ), we use data on patent filings and patent citations to explore how VC affects the quality, novelty, and nature of the research output of companies. Specifically, we compare the number of patent filings, and the quality of those filings, before and after companies are first financed by a venture capital investor.
There are two main findings. First, venture funding is associated with an increase in the rate of companies' innovative activity. This result is consistent with the evidence at the industry level, and stands in contrast to existing evidence at the company level for European-based startups. Second, interestingly, the type of innovations produced by companies also changes after venture funding.
Mainly, VC is associated with a decrease in the quality of companies' research output.
One interpretation of the findings is that they simply reflect endogenous VC choices. For example, VCs may invest in companies when they expect a surge of patent filing following an innovative breakthrough. Alternatively, the presence of VC investors in a company can change companies' innovation strategy. As an attempt to disentangle between these two interpretations, we exploit an amendment by the Texas Legislature that freed public state pension funds in Texas to invest in VC.
Unlike private retirement systems that are governed by the federal Employee Retirement Security Act (ERISA), the investment policy of public pension funds is governed by state laws. Different from private pension funds, most public pension funds were not explicitly allowed to invest in high-risk assets until much later than the ERISA clarification in 1979. In fact, by 1990 almost 30% of public retirement funds were prohibited from investments in VC. The clarification by the Texas Legislature led to an increase in the funds committed to VC by local public pension funds, and is useful to identify the causal impact of venture funding on innovative activity because it was likely unrelated to the arrival of innovation opportunities. Using an instrumental variable approach based on this intuition, we find that the increase in the rate of innovative activity following venture funding, as well as the decrease in the quality of innovations, are not exclusively explained by VC selection.
The findings of this chapter contribute to the literature that examines the relation between innovation and different dimensions of corporate finance such as: institutional ownership (Aghion et al. (2009) ), the decision to go public (Bernstein (2012) ), the decision to merge (Seru (2012) ), financial constraints (Almeida et al. (2013) ), corporate governance (Chemmanur and Tian (2012) ), and organizational form (e.g., Belenzon and Berkovitz (2010) and Belenzon et al. (2013) ). This chapter is closest to the paper by Lerner et al. (2011) which uses a similar framework to study the effect of Leveraged Buyouts (LBOs) on innovation. Taken together, the findings suggest that LBOs and VC, the two most dominant forms of Private Equity (PE) in the US, interact with innovation very differently. While LBOs are associated with an increase in the quality of their targets' innovations, innovation novelty decreases after venture capital funding. In addition, LBOs seem to have no effect on the scale of innovative activity, while VC is associated with an increase in companies' patent filings. The difference in the interaction between LBO and VC with innovation is consistent with the differences across these PE funds' investment strategies. While LBOs target companies that have potential for improvement, VCs target companies that are very close to their innovative peak, and ripe for monetization. In addition, an LBO transaction and a VC investment can also affect differently the innovation of companies. For example, it is likely that LBOs incentivize companies to innovate in order to improve the general quality of their products, while VCs ask entrepreneurs to concentrate research efforts in finalizing and taking to market those ideas with highest commercial value.
Chapter 2: Venture Capital and the Diffusion of Knowledge
The second chapter of this dissertation estimates the effect of venture capital on the diffusion of knowledge. Specifically, I examine how the diffusion of an idea is affected by VC financing of the company that patented the idea. To measure the diffusion of ideas I use patent citations (e.g., Jaffe (1986), Hall et al. (2001) ). Legislation requires inventors to cite all previous patents that their inventions build upon in their patent applications. Subject to caveats, discussed below, these citations are an indirect measure of knowledge linkages between innovations (Hall et al. (2001) ).
To distinguish the effect of VC financing on knowledge diffusion from its effect on knowledge production, I study a sample of patents invented in companies before they are VC financed. I compare subsequent increases in citations to these patents to the citations of comparable patents in the same technology-class and vintage-year, and not invented in VC-backed companies. The compari-son focuses on knowledge diffusion outside company boundaries, and only includes citations from inventors outside the patenting company. The first finding is that after VC financing citations to a given patent increase by 19% relative to the citations of comparable patents.
While this result is interesting, the precise interpretation of the findings is hard to asses. For example, VCs may be skilled in anticipating which innovations will be cited in the future. In that case, the estimated increase in citations can simply reflect the selection process of VCs. Alternatively, VC financing can increase awareness of companies' innovations and affect future follow-on innovation. To isolate the causal effect, I use time-series variation in the assets of state public pension funds as an instrumental variable (IV) (Mollica and Zingales (2007) ). This IV approach relies on the home-bias of state pension funds in their VC investments (Hochberg and Rauh (2012) ), and on the exclusion restriction that changes in pension assets are independent of the innovation opportunities facing the companies. One potential concern with this exclusion restriction is that unobserved economic activity at the state level may affect both the size of state pension funds and the innovative opportunities of local companies. Since the analysis compares citations to patents filed by VC-backed companies to those of comparable patents, the exclusion restriction is satisfied as long as the effect of unobserved economic activity on innovation opportunities within a state is uniform across local patents in the same technology-class and vintage-year. As a robustness check, I relax this identification assumption by eliminating citations directly linked to local innovation opportunities and only counting citations from inventors in states other than the home-state of the patent. Using this IV approach, I find evidence that the effect of VC financing on patent citations is causal.
The second part of this chapter explores some mechanisms driving the effect of VC financing on patent citations. One potential mechanism behind this effect is that VC financing increases awareness of companies' innovations, possibly certifies their value, and spurs follow-on innovation by other inventors. In addition, VCs may also facilitate communication among companies in their portfolio, and facilitate diffusion of knowledge in their networks. To test these mechanisms, I distinguish between two types of citations: those from inventors in companies financed by the same VC, portfolio-linked, and those from all other unrelated inventors, non-portfolio-linked. Consistent with the first mechanism, I find a causal increase in non-portfolio-linked citations. Consistent with the second mechanism, I find that the increase in portfolio-linked citations is four times stronger than the increase in non-portfolio-linked citations. I also analyze inventor mobility and patent sales around the financing event as potential channels behind the effect of VC on patent citations.
Inventors may choose to move to other companies after VC financing for example, if the presence of VC investors implies a transition from creative freedom to a commercial focus (e.g., Aghion et al. (2008)). This inventor mobility can facilitate knowledge flows between inventors' new and old employers. Also, companies may sell patents outside their core areas after VC financing and directly transfer knowledge to buyers. The findings suggest, however, that the effect of VC on patent citations is not driven by either of these two mechanisms.
The last part of this chapter addresses concerns about the relationship between the dependent variable in the analyses, patent citations, and what I really want to measure, knowledge diffusion.
For example, patent reviewers are also likely to become aware of a company after it is VC financed. Since citations from patent reviewers are included in the analysis, citations may increase when there is no diffusion of knowledge. I test this alternative story using a sub-sample of patents for which I can distinguish the citations added by patent reviewers and exclude those from the analysis. Results remain qualitatively similar, which minimizes concerns regarding the interpretation of patent citations as knowledge flows. I consider and test other alternative stories.
The second chapter of this dissertation contributes to the literature that relates the diffusion of innovation to the institutional environment in which new technology is developed (e.g., Mokyr This chapter also contributes to the literature that looks at the impact of VC on innovation.
The findings show that the effect of VC on innovative activity goes above and beyond financing the patent filings of their portfolio companies. Importantly, VC also facilitates the diffusion of technical knowledge in the economy. A back-of-the-envelope calculation based on the findings suggests that by facilitating the diffusion of their companies' patents, VCs have contributed 2% to 10% of patent production in the U.S. This finding helps explain why researchers using industrylevel data estimate that VCs contribute to 14% of patent production (Kortum and Lerner (2000)) even though less than 4% of patents have been assigned to VC-backed companies. The findings in this chapter suggest that part of this difference can be attributed to knowledge spillovers generated by VCs.
Finally, this chapter also relates to the literature that explores non-financial services VCs provide to their companies. Previously documented mechanisms include recruiting key managers (Hellmann and Puri (2002) ), implementing strong governance mechanisms (Hochberg (2011) ), and facilitating strategic alliances (Lindsey (2008) ). I find evidence that VCs help diffuse knowledge across companies in their portfolio. Consistent with Hellmann (2002) , the findings suggest that VC portfolios change the complementary assets available to companies. Given that patent citations have been shown to be associated with value (Hall et. al (2005) ), the documented increase in citations can have value implications for VC-backed companies.
Chapter 3: Direction of Inventive Activity in Venture Capital Networks
The final chapter of this dissertation explores whether the strategic interaction of companies in the same venture capital network affects the direction of companies' innovative activity.
A central characteristic of the Venture Capital (VC) industry is its network-based structure. In contrast to more traditional financial intermediaries, VC investors facilitate relationships among the companies they finance. For example, VC investors establish links inside their portfolios by participating in their companies' boards. In addition, VCs tend to syndicate their investments rather than invest alone (Lerner (1994) ). Syndicated investments further web VC-backed companies into networks of complex relationships with each other. While the literature has shown that the links among VC-backed companies matter for performance (e.g., Lindsey (2008) , Hochberg et. al (2007) ), their effect on the strategic behavior of companies remains understudied. In the third chapter I contribute to filling this gap in the literature by examining how the links among VCbacked companies affect the direction of companies' innovative activity. Theoretically, this effect is not clear. Whereas the presence of common investors can stir companies' research in the same direction by facilitating knowledge spillovers, competition for the same financial resources may undermine the incentives of companies in the same venture capital network to collaborate, or even work in similar areas.
To examine this question empirically, I use patent citations to measure the similarity or convergence between the innovative activities of filing companies. The empirical strategy uses data on patents filed by VC-backed companies in the US, and estimates the likelihood of a citation between random pairs of patents. The main explanatory variables are measures of "VC-proximity" as determined by whether the companies that file the patents share a common VC investor, and thus have a "portfolio-link", or whether their VC investors are syndication partners and have thus a "syndication-link". My first finding is that VC proximity increases the likelihood of a citation between patents.
One interpretation of the first finding is that VC proximity induces companies to pursue similar innovations for instance, by facilitating the transfer of tacit knowledge among companies. An alternative interpretation is that VCs fund companies that fit well in a strategic sense with the rest of the portfolio, and that the estimated effect reflects this strategic selection. In an attempt to disentangle between these two interpretations, I do two things. First, I control in the regression models for geographical-and technological-proximity among filing companies that can affect both the likelihood of a citation, and their VC-proximity.
Second, since these controls cannot address selection on companies' unobservables, I exploit "indirect" linkages across VC-backed companies. Indirect linkages occur when companies end up connected inside the VC network not because they are financed by the same VC or because their VCs syndicate together, but because their VCs have a common syndication partner. If indirect linkages occur for reasons unrelated to companies' potential fit in VCs' networks, the estimated impact of indirect links on the likelihood of a citation provides an unbiased instrumental variable estimate of the impact of VC-proximity on the convergence of companies' innovative activities. As with any exclusion restriction, this assumption cannot be tested. However, it is likely to be satisfied, as prior research shows that syndication allows VC investors to explore distinct industries and geographies, and invest in companies with lower ex-ante synergy potential with incumbent companies in VC networks (e.g., Kogut et al. (2007) , Hochberg et al. (2011) ). I find that VC-proximity as measured by either, portfolio-, syndication-or indirect-linkages, increases the likelihood of a citation between patents, even after controlling for observable similarities between filing companies. Also, the estimated effect of VC-proximity is statistically the same when measured by portfolio-, syndication-, or indirect-linkages. This last result suggests that the VC-proximity effect may not be entirely driven by selection.
Next, I delve deeper into the relation between competition for financial resources and the convergence of innovative activity among companies in the same VC-network. While it is true that companies that share a common VC are in competition for the firm's financial resources, such competition is, however, likely to be stronger between pairs of companies in the same technological areas or that are in the same geography. To test whether the competition effect is muffled in the basic estimations, I explore the relation between the interaction of VC-proximity with technologicaland geographical proximity, and the citation likelihood. Interestingly, I find that portfolio-and syndication-links increase the citation likelihood between patents whose filing companies are technologically dissimilar and geographically distant. In contrast, for patents whose filing companies are technologically or geographically close, sharing a portfolio-or a syndication-link decreases the probability of a citation. In other words, portfolio-and syndication-linkages appear to be substitutes for technological and geographical-proximity.
Finally, I examine potential mechanisms through which VC-proximity affects the likelihood of citations. The findings suggest that the effect is driven by turnover of executives (CEOs, Vicepresident etc.) among close VC-backed companies. This result is consistent with Hellmann and Puri (2002) , who show that VCs help companies hire personnel for executive positions. These results are also consistent with VC-proximity facilitating convergence of innovation between companies that are technologically distant. Executive skills are more easily transferred across companies in different technological fields in contrast to inventor skills which are likely to be technology specific. Overall, the findings suggest that companies who are competing for the same financial resources prefer to differentiate, and focus on distinct lines of research. VC-proximity deters convergence of innovative activity for similar companies, and induces companies to seek different areas of specialization. This divergence in the direction of innovation is also convenient for VCs, as it reduces their overall technology-specific risk. In contrast, for companies who are not in direct competition for VCs' financial resources, such as companies that have an indirect-link or such as companies that share a portfolio-link but that work in different technology areas, VC proximity provides a platform of interaction that facilitates the diffusion of tacit knowledge and generates interdisciplinary knowledge spillovers. For non competing companies, VC-proximity acts as a bridge for knowledge diffusion, and pushes companies towards working in similar or complementary lines of research.
The third chapter in this dissertation contributes to the literature on competition and innovation.
I show that the competition for financial resources affects innovative activity. In contrast, most of the existing studies in this area focus on the impact of product market competition on innovation (e.g., Aghion et al. (2001) , Aghion et al. (2005) ).
The third chapter also relates to the literature on intercompany governance and innovation (e.g., Seru (2007) , Schoar (2002) , Belenzon and Berkovitz (2010) , Belenzon et al. (2013) ). While most of this literature has focused on the interaction among companies within conglomerates and business-groups, I show that the interaction among companies within VC portfolios also affects innovation.
Finally, this chapter is also related to the literature on the non financial effects of VCs on their investments. Prior research has shown that VCs add value to their companies by helping them find and hire adequate personnel in their own networks (Hellmann and Puri (2002) ). I find that executive turnover inside VC networks is a mechanism for knowledge diffusion. More broadly, this finding is also consistent with other papers in the innovation literature that find evidence of knowledge diffusion across companies through worker turnover (e.g., Kim and Marschke (2005) , Agrawal and Singh (2011) and Stoyanov and Zubanov (2012) ).
In conclusion, this dissertation explores different channels through which venture capital affects innovation. I find that the role of VC on innovation extends beyond financing the innovation of their portfolio companies. There are many directions this future research could take. Some interesting follow-up questions include examining the role of VC on patent trade and the role of CEO turnover across companies within VC networks on financial success, as well as on the innovation strategy of portfolio companies.
